In this paper we review previous analyses of the reasons for the departure from the HallPetch law observed in nano grained metallic polycrystals. We remind at first that the D À1=2 scaling of the flow stress in coarse grained metallic polycrystals is not associated with planar slip and pile ups, but that it is a consequence of the building of a 3-dimensional microstructure. We show afterwards that the main reason for the specific behaviour of nano grained metallic polycrystals lies in the difference of the extent of the route followed by the material from elastic to plastic deformation, itself a consequence of the small extent of the dislocations mean free path in these structures.
Introduction
The experimental HallPetch (HP) law 1, 2) states that the yield stress · Y of metallic polycrystals of average grain diameter D is expressed as:
This law represents accurately the experimental situation for polycrystals of average grain size 10 À6 m < D < 10 À3 m, generally refered to as coarse grained (cg) polycrystals. It is not valid for polycrystals of average grain size D < 10 À6 m, generally refered to as nano grained (ng) polycrystals. To understand the reason for this situation, we analyze critically the mechanisms of plastic deformation of ng polycrystals as compared to that of cg polycrystals, reviewing and developing ideas expressed in previous publications by the author and coworkers. 39) It is obvious, for example, that there is not a clear-cut separation between ng and cg polycrystals for an average grain size D ¼ 10 À6 m. The experimental situation is rather that cg polycrystals have typically a grain size D > 2 Â 10 À6 m, while ng polycrystals have typically a grain size D < 0:5 Â 10 À6 m. The properties of polycrystals of average grain size 0:5 Â 10 À6 m < D < 2 Â 10 À6 m may belong to either category depending on the nature of the material, and of the testing conditions. The same can be said of the temperature domain in which formula (1) applies. This is the reason for considering orders of magnitude rather than developing precise numerical calculations.
The Meaning of the HallPetch (HP) Law in cg Polycrystals
A typical experiment consists in deforming a cylindrical or prismatic slender specimen in tension or in compression at imposed plastic strain rate _
¾ a , and to analyze the stress strain curve · a ð¾ a Þ. The aspect of the stressstrain curve depends, of course, of the nature of the material. For simplicity sake, we restrict ourselves to two situations.
Smooth stressstrain curve
This behaviour is observed for example in pure face centered cubic (fcc) cg metals. The deformation is at first elastic, up to a strain ¾ m ' 10 À4 and a corresponding stress · m ' E¾ m , known as the micro-elastic limit. E is the Young modulus. At this point, plastic flow starts to propagate in the sample, up to a strain ¾ M , for a stress · M , known as the macro-elastic limit. It is considered that all grains contribute to plastic flow. There is no clear cut theoretical basis to fix the value of ¾ M . In the case of cg, it is empirically accepted that ¾ M ' 0:002.
The measurement of the tangent modulus ª d· a =d¾ a allows the determination of the average plastic strain rate _ ¾ p , with the help of the machine equation:
The tangent modulus ª is
It is reasonable to propose that one condition expressing that all grains contribute to plastic flow is to have ª < 0:25E.
Lüders band behaviour
In this case, one observes an elastic deformation up to a strain ¾ u ' 10 À4 , the upper yield strain, for a stress · u ' E¾ u . Then plastic flow starts, the applied stress decreases down to · L , the lower yield stress. This indicates, see eq.
Surface observation indicates that plastic flow is confined in a thin band.
Then plastic strain proceeds by widening the band, almost at constant applied stress, up to a strain ¾ L , the Lüders strain, which may be as large as 0.02. Then plastic strain proceeds more or less homogeneously in the sample, the tangent modulus being smaller than about 0:1E À 0:3E. Here · Y is identified with · L . This behaviour is typical of mild steel.
In both cases, the first straining stage is the deformation necessary to produce a microstructure ensuring relatively homogeneous plastic flow in every grain; · Y is identified to the stress necessary to develop plastic flow in this microstructure. This is generally true for all situations where the HP law applies in cg polycrystals.
Modelisation of the HP Behaviour in cg Polycrystals

The pile-up model(s)
The pile up theory 10) and the paper of Hall were almost simultaneous. In both cases, a scaling law in D À1=2 was either observed or predicted. Furthermore FrankRead 11) sources were at that time a mere model, and the importance of crossslip was underestimated. Therefore pile up models of the HP law, implying localized planar flow, have been and are still flourishing, as it appears in this volume. These models are not satisfactory for the following reasons.
(1) The quantitative agreement is not good.
(2) Plastic flow is not planar. This is obvious from the observation of the microstructure. It can be shown quite generally 12, 13) that planar slip made of pile ups against Lomer Cottrell locks in fcc metals would produce stress concentration too large compared with experimental results. (3) Pile up models do not explain the effect of the grain size on the strain-hardening rate.
The forest model(s)
Ashby 14) has proposed a simple model, taking into account the fact that the dislocation microstructure is 3-dimensional and linking plastic flow during the micro-plastic stage to the increase of dislocation density. The microstructure during this stage consists in n dislocation loops of Burgers vector b, and average diameter D, which leave in the grain a dislocation density μ. We have
These dislocations oppose a forest stress, scaling as μ 1=2 , on the gliding dislocations, 15) therefore the stress strain curve obeys the following equation:
For reasonable values of the parameters, the equation of the stress strain curve during the micro plastic stage is expressed as:
Together with:
With b ¼ 0:25 nm, ¾ M ¼ 0:002, we have finally:
In order to check the consistency of the model we evaluate the following quantities for a strain equal to ¾ M : À6 m, l= D ' 0:1. The model fulfills therefore 3 criteria of consistency: the tangent modulus at the beginning of the macro-plastic flow is much smaller than the Young modulus, ensuring a reasonable proportion of plastic flow, the average number of dislocations created in each grain is reasonably large () 1), the average distance between dislocations in a grain is much smaller than the average grain size.
It must be emphasized however that the model simplifies considerably the physical situation. It is clear for example that one should consider various groups of dislocations in the grains: the forest dislocations, groups of dipoles, groups of dislocations along more or less blocked close to the grain boundaries. 16) 
Use and misuse of scaling laws
Scaling laws are definitely a good hint to analyze complex mechanisms, as is the case in crystal plasticity. However, they do not constitute a proof until a thorough physical analysis has proved the validity of the assumptions on which they rely. This is the situation met in the analysis of the HP law. Both the pile-up structure and the forest structure give scaling laws in agreement with the observed mechanism. But the physical situation is akin to the forest structure.
A similar situation is met in the strain hardening models of pure fcc metals. Taylor's theory 17) describes the microstructure as a set of parallel equidistant dislocations of opposite signs, pile-up theories by Seeger 18) implies stress concentration in pile ups and the forest theory 15) focuses on the stress resulting from intersecting dislocations. They are expressed by the same scaling law. But, at least in the case of fcc metals the latter is the only one which corresponds to the physical situation. Scaling laws may be true. They are not always relevant.
Mechanical Behaviour of ng Polycrystals of Pure fcc Metals
The elastic-plastic route
In these materials, the value of · M , corresponding to an average plastic strain ¾ p ¼ ¾ M ¼ 0:002 does not obey the HP law. Furthermore, extrapolation of formulae (5, 6, 11) to ng polycrystals gives n < 1 for D < 40 nm, l > D for D < 12:5 nm, ª M > E for D < 62 nm. The main reason for these inconsistencies lies in the qualitative and quantitative differences in the elastic-plastic route. More specifically, these results clearly indicate that full plasticity does not occur in ng polycrystals for a plastic strain as small as 0.002.
There are direct experimental observations confirming this important fact, for example:
(1) The analysis of the evolution of internal stresses connected with loading-unloading experiments reveals that the strain ¾ M characterizing the onset of macro plasticity in ng Ni is of the order of 0.07. 19) (2) By analyzing the deformation of thin films made of ng Cu, Ag and CuAg multilayers it has been shown that 5) • ¾ M ' 0:01 • · m ' 300 MPa, and scales asð®b= DÞlnð D=bÞ
. This value of k is sensibly smaller than the value of k HP , given by formula (10).
• The plastic strain rate varies linearly with the applied stress
These results suggest that the micro plastic limit is controlled by dislocation nucleation, or multiplication, limited by the grain size. The macro yield stress scaling with D À1=2 is controlled by the microstructure developed by straining up to ¾ M ' 0:01. No firmer conclusion may be reached for lack of experiments and micro structural observations. (3) A large number of published results in the literature show that the plastic strain rate during plastic flow is well represented, up to a few % plastic strain by:
0 q 1, and the stress · s are two adjustable parameters. As a result of the smoothness of the change from elastic deformation to plastic flow, the definition of a critical flow stress is in many cases arbitrary.
Microstructural uncertainties
Despite the progress in producing ng specimens of well controlled and stable structure, the situation is still far from satisfactory. The same can be said of the analysis of the evolution of the microstructure due to deformation. There are for example very few observations of dislocation motion in the grains and in the grain boundaries (GB), as well as motions of the GB.
21) The structure of the latter which play a decisive role in ng polycrystals is only poorly known. Furthermore describing the dispersion of the grain sizes is so large that the material would be best described by a distribution of large grains (of average diameter 1:6 D in a typical example) embedded in a distribution of small grains (of average diameter 0:7 D).
6)
4.3 Dislocation nucleation at GB Molecular dynamics (MD) studies suggest that during plastic flow dislocations of various types may be emitted by the GB. 20) We analyze the plastic flow assuming that once a dislocation is nucleated at a GB, it propagates in the grain and is absorbed in the next GB before another dislocation is nucleated in the grain. More precisely, let¯g be the creation rate of dislocations at the GB of a grain and t f be the flight time of a dislocation gliding with an average velocity v between two boundaries.
We assume that:¯g
In this case, the moving dislocation density μ is given by:
The plastic strain rate is then:
, we find g ' 0:03 s À1 which means that, in average, a grain is crossed by one dislocation every 33 s. In the case of a deformation in tension at constant applied strain rate _ ¾ a , one has:
By combining eqs. (17), (18), the condition (14) is expressed as:
For 20 nm < D < 200 nm, 16 Â 10 À7 m < D 2 =b < 16 Â 10 À5 m. Condition (15) is therefore satisfied for slow rate deformation (_ ¾ a < 1 s À1 ) and not for very fast rate deformation (_ ¾ a > 100 s À1 ). One may therefore state that the processes of plastic flow at low strain rate _ ¾ a < 1 s À1 differ from those at very large strain rate _ ¾ a > 100 s À1 , in agreement with experimental results. 22) Notice that molecular dynamics simulations correspond to very large imposed plastic strain rate. They are therefore relevant to the description of mechanical behaviour at very large strain rate, not to the description of mechanical behaviour at small strain rate.
